Objective-Patent foramen ovale and pulmonary arteriovenous shunts are associated with serious complications such as cerebral emboli, stroke, and migraine with aura. The pathophysiological mechanisms that link these conditions are unknown. We aimed to establish a mechanism linking microembolization to migraine aura in an experimental animal model. Methods-We introduced particulate or air microemboli into the carotid circulation in mice to determine whether transient microvascular occlusion, insufficient to cause infarcts, triggered cortical spreading depression (CSD), a propagating slow depolarization that underlies migraine aura.
Migraine headaches are among the most common and debilitating conditions and occur in 10 to 12% of the general population. 1 Migraine with aura accounts for 15% of cases, and the aura is characterized most commonly by visual or somatosensory symptoms that often anticipate the onset of headache by 20 to 40 minutes. Certain patients with migraine auras are at greater risk for stroke. 2, 3 Despite the multiplicity of potential mechanisms linking migraine aura and stroke, 4 experimental evidence linking the triggering of migraine aura attacks to microvascular dysfunction is lacking. Cortical spreading depression (CSD) may be important to this link.
CSD is a slowly propagating intense neuronal and glial depolarization that spreads at a characteristic rate of 3 to 5mm per minute. It is a property of all mammalian cortices, but varies in susceptibility between the rodent and more resistant human brain. 5 A number of high-and low-resolution brain imaging studies have led to the conclusion that CSD causes migraine aura. [6] [7] [8] For example, during visual aura, a slowly propagating wave of cerebral blood oxygenation level-dependent (BOLD) signal change was recorded in calcarine cortex in a migraineur using near continuous high-resolution functional magnetic resonance imaging (MRI). 6 The observed perturbations of the BOLD signal were retinotopically congruent with the patient's visual percept, and displayed several CSD characteristics (eg, typical blood flow response and velocity of propagation). In experimental animals, CSD triggers specific gene programs to precondition the brain and render it more resistant to subsequent tissue injury. 9 In patients, slowly propagating depolarizations closely resembling CSD have now been well documented following ischemic stroke, 10 intracerebral hematoma, subarachnoid hemorrhage, and brain trauma, 11, 12 further suggesting that human brain can sustain slowly spreading depolarizations very much like CSD.
A pioneer of the vascular theory of migraine, Harold G. Wolff proposed that the neurological symptoms of migraine aura were caused by cerebral vasoconstriction and ischemia. 13 Similarly, Van Harreveld and Stamm ascribed CSD to ischemia resulting from a spreading wave of vasoconstriction. 14 Indeed, several vascular risk factors have been implicated in attacks of migraine aura. 15 For example, migraine has been identified in several studies as an independent risk factor for ischemic stroke. 3 Migraine with aura and stroke are also reportedly more common in patients with right-to-left cardiac shunts, usually in the setting of a patent foramen ovale (PFO), 16 or less commonly, pulmonary arteriovenous malformations, 17 although the strength of this relationship has been questioned recently. 18 The mechanism for this association is not clear, but paradoxical embolization has been proposed as a possible explanation.
To establish a mechanism linking migraine aura to blood components, blood vessels and intracardiac or arteriovenous shunts, we examined whether small microemboli injected into the carotid artery could evoke CSD in otherwise normal mouse brain. We hypothesized that the injection of minute amounts of air, polystyrene microspheres, or cholesterol crystals into carotid artery could trigger CSD, and that CSD in this context could develop without requisite tissue damage. This work was reported previously in preliminary form. 19 
Materials and Methods

General Surgical Preparation
The care and handling of the animals and experimental protocols were in accordance with National Institutes of Health guidelines and approved by our Institutional Animal Care and Use Committee. Mice (C57BL/6J, 23-28g; Charles River Laboratories, Wilmington, MA) were anesthetized with 2% isoflurane in 70% N 2 O and 30% O 2 . Isoflurane (1%) was used for maintenance. Rectal temperature was maintained at 36.8 to 37.2°C. Blood pressure and arterial blood gases were measured. A PE-10 polyethylene catheter was inserted retrogradely into the right external carotid artery and advanced into the carotid bifurcation. The wound was then closed, and the animal was placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA).
Electrophysiological Recordings
A burr hole was opened over the right hemisphere, 1mm posterior and 1.5mm lateral to the bregma. The steady potential and electrocorticogram (ECoG) were recorded with a glass micropipette filled with 200mM NaCl, inserted 300μm below the dural surface (tip resistance 1-2MmΩ, Axoprobe-1A, Axon Instruments, Union City, CA; Fig 1) . An Ag/ AgCl reference electrode was placed subcutaneously in the neck.
Experimental Groups and Intervention
Mice were randomly assigned to undergo microembolization with saline (10μl; n = 8), air (0.5μl; n = 6), cholesterol crystals (3β-hydroxy-5-cholestene; <70μm-diameter, 4,000 particles; Sigma-Aldrich, St. Louis, MO; n = 12), or polystyrene microspheres (5 or 10μm diameter, up to 225,000 particles; Duke Scientific, Fremont, CA; n = 16 and 8, respectively), at a speed of 10μl/min into the carotid bifurcation (Table 1 ). Hemodynamic data, cerebral cortical blood flow, and ECoG were recorded continuously for 60 minutes (PowerLab; ADInstruments, Bella Vista, Australia). Animals were then decannulated and allowed to emerge from anesthesia. Systemic physiological parameters did not differ among experimental groups, and remained within normal range throughout the experiments.
Optical Imaging
Laser speckle flowmetry was used to study the spatiotemporal characteristics of cerebral blood flow (CBF) changes during the experiment. 20 Relative CBF images were calculated from the ratio of baseline image of correlation time to subsequent images obtained approximately every 10 seconds.
MRI Study
Eleven mice with microsphere microembolization and 4 saline control animals were examined. MRI was performed on a 9.4T 21cm diameter horizontal bore animal magnet (Magnex Scientific, Yarnton, UK) with a AVANCE console; (Bruker BioSpin Corporation, Billerica, MA). The MRI protocols included: (1) rapid acquisition with relaxation enhancement (RARE) tripilot acquisition sequence for localization; and (2) multislice T2-weighted MRI (RARE sequence) in the rostralcaudal direction (20 contiguous slices with 0.5mm thickness), with repetition time = 7,000 milliseconds, echo time = 25 milliseconds, voxel size = 117×117 μm 2 , RARE factor = 8, and number of averages = 4.
Neurological Testing
Neurological function was assessed by a blinded neurologist in 5 animals after cholesterol embolization starting 1 hour after emergence from anesthesia. Exams were on days 1-3, 10, 14. Motor deficit, coordination, and fine movements were assessed quantitatively. 21 
Tissue Processing and Histological Evaluation
Brains from euthanized mice were fixed by immersion in 10% formalin. In preliminary studies, we found that the smallest lesion detected was approximately 100μm in diameter. Therefore, we obtained 5μm-thick paraffin sections at 100μm intervals throughout the forebrain, cerebellum, and brainstem, to detect a single 100μm infarct nearly 100% of the time. 22 Sections were stained with hematoxylin/eosin and examined with optical microscopy by a pathologist blinded to the experimental groups.
Statistical Analysis
Data are expressed as mean ± standard deviation or median (25-75% range). Hemodynamic and blood gas parameters were compared between the groups using factorial analysis of variance. Mann-Whitney rank sum test was used to test group differences in CSD parameters, as well as the impact of the CBF deficit (area under the curve) on the probability of CSD occurrence or brain infarction. Fisher exact test was used to assess differences in CSD occurrence between groups or the presence of microinfarcts. Bonferroni correction was used to preserve the overall type I error rate at 0.05; p < 0.05 was considered statistically significant.
Results
CSD Is Readily Triggered by Intravascular Cerebral Microemboli
Injections of air, cholesterol crystals, and microspheres all triggered CSD, whereas intracarotid infusion of vehicle (normal saline, n = 8) did not. Air microemboli caused CSD in all 6 mice (see Table 1 ), and was detected by characteristic slow direct current (DC) potential shifts (see Fig 1C) and a concomitant spreading wave of oligemia typical for a mouse brain. Cholesterol crystals and polystyrene microspheres caused CSD in 8 of 12 and 8 of 16 mice, respectively. Injecting a higher number of microspheres (200,000 particles) increased CSD probability (8 of 9 mice). Larger microspheres (20μm diameter; n = 10) caused severe and sustained CBF reduction with anoxic depolarization and tissue infarction, with early death after embolization. Conversely, when fewer (10μm diameter; 10,000 particles) or smaller-diameter microspheres (5μm diameter; 225,000 particles) were administered, CSDs were less frequent (0 of 5 and 1 of 8 mice, respectively) suggesting dose-response and size-response relationships. Air microemboli always triggered a single CSD. Recurrent CSDs were observed 10 to 30 minutes after injecting microspheres (2 of 16 mice; 20,000 particles) or cholesterol crystals (1 of 12), and in 4 of 9 mice when testing a larger number of microspheres (200,000 particles). A mild and transient contralateral weakness was detected immediately after surgery in animals exhibiting a CSD; deficits were not detected at 24 hours.
The duration of CSDs triggered by air and microspheres did not differ significantly from those triggered by topical KCl application to normal cortex (55 [49-61] seconds, tested in a separate group of mice; median [25-75% range]) (see Table 1 , Fig 1C) . By contrast, CSDs following cholesterol crystal microembolization were significantly prolonged, possibly indicating prolonged vascular blockage. The latency from injection to CSD onset also differed among microemboli. Air microemboli and microspheres triggered CSD within 1 to 2 minutes after injection, whereas the onset was significantly delayed (9.9 minutes) after cholesterol microemboli (see Fig 1D, Table 1 ).
CSD Is Triggered by Microembolic Hypoperfusion
Hypoperfusion and CSD followed the injection of all 3 microemboli, and its timing and point of origin corresponded to the onset, duration, magnitude, and location of microembolic hypoperfusion. Although not all hypoperfusion episodes were followed by a CSD, all microembolic CSDs were preceded by global or regional hypoperfusion. Air abruptly decreased CBF to 19% (25-75% range, 13-26%) of baseline, often within the entire ipsilateral hemisphere and contralateral anterior cerebral artery (ACA) territory (see Fig 1A, B). The hypoperfusion was followed by a CSD within 2 minutes (see Table 1 ), originating from the arterial territories that showed the most severe CBF reduction. The spatial extent, magnitude, and time course of hypoperfusion after microspheres (10μm; 20,000 particles) were similar to air microembolism (23% [25-75% range, 16-30%] of baseline; see Fig 1A,  B) . Regarding the clinical relevance of this volume of air, 0.5μl was roughly equivalent to 1-2ml in the human, which is larger than the clinical experience in the echocardiography laboratory using 5-10ml of agitated saline to diagnose PFO. However, injections of < 0.5μl air were not feasible in the mouse.
Contrasting with the blood flow response to air or microspheres, cholesterol microemboli caused milder hypoperfusion (56% [25-75% range, 38-66%]), affecting a smaller area of cortex usually limited to the ipsilateral hemisphere (see Fig 1B) . This mild hypoperfusion, however, was longer-lasting, and showed transient, abrupt, and apparently spontaneous fluctuations (see Fig 1A) . These CBF fluctuations, when severe and prolonged, evoked a CSD from the cortical focus of hypoperfusion (Fig 2) . As a result, cholesterol microemboli frequently triggered CSDs, albeit in a delayed fashion (see Table 1 ; Fig 1) .
To test whether the occurrence of CSD was related to perturbations in blood flow, we integrated the magnitude of CBF deficit and its duration (i.e., area under CBF curve [AUC]) using the formula AUC = [100 -CBF] · t, where CBF is the average CBF (%) between the injection of microemboli and the onset of CSD or recovery of CBF to baseline without CSD, and t is the latency to CSD in minutes (Fig 3, inset) . We found that mice that developed CSD had significantly higher AUC values, regardless of the type of microemboli. Indeed, a threshold of approximately 60% · min appeared to be a requisite for CSD occurrence in our study (see Fig 3A, horizontal shaded area).
Microembolic CSDs Develop Without Requisite Brain Infarcts
Despite extensive histopathological evaluation of approximately 4,000 sections from 42 brains, ischemic infarcts were detected only in 12 of 28 brains after microsphere or cholesterol crystal injection (Table 2) ; lesions were identified by the presence of shrunken neurons with eosinophilic cytoplasm and pyknotic and karyorrhexic nuclei (Fig 4) . The neuropil was slightly vacuolated, and most infarcts had little or no gliosis, consistent with early subacute infarction. No evidence of inflammatory cell infiltration was observed, except in a single animal in the microsphere group. Infarcts were typically between 100 and 200μm but varied in size from 100 to 1,200μm (see Table 2 ). The majority of microinfarcts were found in the cortex (see Table 2 ) exclusively within ipsilateral middle cerebral artery (MCA) and bilateral ACA territories. No infarcts were found in the brainstem or cerebellum. The presence of microinfarcts in this model could not be predicted by the ischemic burden (see Fig 3B) or CSD occurrence.
MRI lesions were not found in 10 of 11 animals after microsphere embolization (10μm diameter; 20,000 particles) or in 4 control mice. CSD was evoked in 4 of these 11 mice, and microinfarctions (200μm [25-75% range, 100-2,000μm]) were found in 5 by histological analysis. MRI imaging identified a hyperintense lesion (2,000μm) of subcortical infarction in 1 animal, which was subsequently confirmed by histopathology.
Discussion
Microemboli injected into the carotid artery triggered hypoperfusion and CSD in rodent brain. CSD occurrence depended on the duration and degree of occlusion as well as on the size and composition of the emboli. Larger particles (>20μm microspheres or cholesterol crystals) caused more lesions, an observation of potential importance to cryptogenic stroke in humans. We observed a close correspondence between the ischemic burden (ie, magnitude × duration of CBF reduction) and the appearance of CSD; when the CBF response was large and/or long-lasting, CSD was evoked. Air microinjection in the mouse, although larger than the volume injected during a bubble test for PFO in humans, was the most reliable CSD trigger, and this may be related clinically to the infrequent occurrence of microbubble-induced attacks of migraine with aura in humans. 23 Air and polystyrene beads tended to cause short-lived but significant global flow reductions within the entire ipsilateral carotid territory, whereas cholesterol crystals triggered small foci of prolonged hypoperfusion most often within the ipsilateral MCA territory. The prolonged period of blood flow reduction was most likely caused by cholesterol crystals (< 70μm) that did not traverse small vessels to reach the lung, as was observed with small fluorescent microspheres (unpublished observation). The irregular shape (tapered, spiculated, and spikey) probably contributed to partial blood flow obstruction, in contrast to the rounded microsphere particles (10μm) or air (0.5μl), which caused more severe but transient obstruction either by mechanical blockage or via reflexive vasoconstriction. The blood flow response to cholesterol crystals, which may also be due to intravascular coagulation and release of vasoactive substances, 24 indicates that only small areas of hypoperfused brain were required to evoke CSD following microembolization.
The findings reported herein indicate that CSDs triggered by microemboli do not necessarily cause tissue injury as they do in other ischemic conditions, 25 nor develop as a consequence of sustained tissue damage. 10 However, we did detect microinfarcts in 13 of 42 brains, distributed within the ipsilateral hemisphere (cortex > hippocampus > striatum), but not brainstem or cerebellum. Had we injected more biologically relevant blood components such as biodegradable fibrin particles or platelets instead of nondegradable microspheres or cholesterol crystals, a lower rate of microinfarction might have been anticipated. Because platelets have been implicated in migraine aura attacks, 26 and aggregates may restrict local blood flow and release vasoactive molecules, strategies to reduce platelet responsiveness may prove useful, especially in patients with arteriovenous or cardiac shunts, and those migraineurs at greatest risk for small vascular-like brain lesions.
Despite the presence of microinfarcts in 30% of mice, we did not observe sustained behavioral deficits, nor were lesions visible on high-field-strength T2-weighted MRI in 10 of 11 animals. This discrepancy between positive histology, but negative brain imaging and clinical outcome in most animals was probably due to the small size and isolated lesions caused by the injected microemboli. Considering the >0.5-1mm in-plane resolution of routine magnetic resonance images, it would not be too surprising if many human brain lesions similar in size to those reported herein escape detection. We posit that some forms of migraine aura reside on a hypoperfusion continuum depending, in part, on particle size and the intensity and duration of transient microvascular insult. Perhaps these relationships explain the high comorbidity between stroke, migraine auras, and PFO. 27 A higher prevalence of PFO is reported in migraineurs. [28] [29] [30] Anzola et al found that 48% of patients with migraine and aura had a PFO, as did 23% of migraineurs without aura and 20% of control subjects. 31 A recent meta-analysis of 134 publications confirmed this association. 29 PFO enables venous blood to traverse through an incomplete atrial septum, the closure of which normally takes place shortly after birth. As a result, blood flows from right to left atria, and can thereby bypass the lung filtering mechanism for particulate and vasoactive substances. Large and small emboli originating within the venous system may, hence, reach the intracranial arterial circulation to cause either stroke or migraine aura, depending on size and location. 32 However, clinical trials testing the impact of PFO closure produced mixed results. 30, 33 In retrospective studies, success rates ranged from 5 to 90% [34] [35] [36] [37] ; the grade of evidence was low. The only prospective, randomized controlled trial 30 failed to achieve its desired endpoint of migraine headache cure, in our view an unlikely endpoint considering the refractory nature of these patients, the continued exposure to other triggers for migraine attacks, and an underlying genetically susceptible brain.
Migraine aura may also pose a risk for silent brain lesions. Kruit et al demonstrated small (approximately 7mm) lesions located in cerebellar microwatershed regions that they posited to be microemboli. 38, 39 Although a higher incidence of cortical lesions might have been expected from our data, this was not found by Kruit and colleagues. Perhaps the studied patient population may not have harbored PFOs as the only cause of their microinfarcts, or the intensity of the transient hypoperfusion was sufficient to trigger CSDs but not cortical microinfarcts. Also, the imaging techniques used in the Kruit study may not have been sufficiently sensitive to detect small microinfarcts (<200μm), as we found in our MRI study.
Migraine auras commonly develop in a number of vasculopathies, suggesting that mechanisms intrinsic to blood vessels are important to migraine pathogenesis in addition to embolization. These include focal vessel narrowing, 40 decreased endothelium dependent relaxation, 41 thrombocytosis, or coagulopathy. 42 Because the majority of grey matter can generate CSD and is clinically silent, the same pathophysiologic mechanisms may be implicated in a subset of migraineurs without aura, and especially those who respond to drugs suppressing CSD susceptibility 43 and those who experience migraine headaches both with and without aura. 44, 45 Our findings support the notion that in a subset of migraineurs, transient hypoxic ischemic events serve as a CSD generator and possibly a triggering mechanism for aura without requisite tissue injury. 
Microembolic hypoperfusion triggers cortical spreading depression (CSD). (A)
Representative tracings show the time course of cerebral blood flow (CBF) reduction after intracarotid air, microsphere, or cholesterol injection (blue circles). Both air and microspheres abruptly but transiently decreased CBF to ≤25% of baseline, whereas the hypoperfusion after cholesterol microemboli was less predictable and fluctuated over time (note the compressed time scale for the cholesterol data). CSD (red circles) occurred within a few minutes after air or microsphere embolization, but was more delayed after cholesterol microemboli. CSDs were detected by the characteristic slow extracellular direct current (DC) shift shown in C and by a propagating wave of hypoperfusion. (B) Full-field images of CBF taken at the denoted time point between microembolization (red arrows in A) and CSD onset showing the spatial extent of hypoperfusion. Air and microspheres reduced CBF within the ipsilateral middle cerebral artery (MCA) and bilateral anterior cerebral artery territories, whereas cholesterol-induced hypoperfusion was more restricted to ipsilateral MCA branches. Red squares show the regions of interest within which the CBF time courses (shown in A) were quantified for each type of microemboli. The orientation of the imaging field over the mouse skull is shown in the inset (left). The inset shows the position of the rectangular imaging field. (C) Extracellular DC potential shifts characteristic of CSD were triggered by intracarotid microembolization with air (left), microsphere (middle), or cholesterol (right), and recorded by intracortical glass micropipettes within the ipsilateral MCA territory simultaneously with the laser speckle flowmetry. (D) The timing of CSD after air (triangles), microsphere (crosses), and cholesterol microemboli (squares) is shown for each animal. Both air and microspheres evoked a CSD within a few minutes after microembolization, whereas the onset of CSD was significantly delayed after cholesterol microemboli.
FIGURE 2.
Cortical spreading depression (CSD) originates from a hypoperfused cortical focus. Representative time-lapse laser speckle images of relative cerebral blood flow changes taken approximately 35 minutes after cholesterol microembolization show the initiation of a CSD from a frontal cortical focus of hypoperfusion (red circle). A CSD was initiated from this ischemic focus after approximately 30 seconds (36′00‴), and propagated throughout the ipsilateral cortex (centrifugally spreading blue hypoperfusion wave), confirmed by concurrent electrophysiological recordings using a glass micropipette (inset). Images were acquired at 0.1Hz. Laser speckle imaging field and electrode positions are shown on the upper left drawing. 77 25 [22] [23] [24] [25] [26] [27] 
